Current knowledge on macroscopic plasticity indications, i.e., hardness and yield strength, and on microscopic indication, i.e., velocity of individual dislocations, in elemental and IV-IV, III-V, and II-VI compound semiconductors including GaN and ZnSe are reported and discussed on their mutual correlations. The Vickers hardness of the semiconductors can provide conventional information on the material plasticity in a wide temperature range up to their melting points over a wide range of size scales in various material forms. Hardness H v in diamond-and sphalerite-type semiconductors has a universal relationship on their temperature dependence similar to the yield strength y with a relation H v ¼ ð70{100Þ y in the low temperature region. Yield strength obtained by normal tensile or compression tests are expressed by an experimental equation as a function of the strain rate and temperature. The velocities of various types of dislocations measured directly in several semiconductors are described with an empirical equation as a function of the stress and the temperature. Through the analysis of yield strength data in terms of the collective motion of dislocations during the plastic deformation, the dislocation motion, rate-controlling plastic deformation, are deduced. The activation energy for dislocation motion has a linear relation to the band gap energy, depending on the types of semiconductors, elemental, III-V compounds, and II-VI compounds.
Introduction
Knowledge on the dislocation velocity and mechanical strength of semiconductors at elevated temperatures is essential as a basis in order to control dislocation generation, multiplication, and plastic deformation during epitaxial and bulk-crystal growth and device processing such as grown-in dislocations, slip, warpage, and so forth, and also to improve the optical and electronic properties and their homogeneities in the material. Therefore, for nearly forty years extensive researches have addressed on the dislocation motion and plastic deformation of semiconductor materials (For example, Refs. 1-3)). Researches can be roughly divided into two fields what is measured: One is a velocity of individual dislocations. The other is a hardness or yield strength derived from the macroscopic plasticity. The former or latter selection is essentially based on the researcher's purposes and also often depends on the rather practical limitations originated into the object material: sufficient size, shape, and quality and also by temperature conditions for measurements. For examples, semiconductors are typically brittle and the yield strength data obtained by conventional tensile or compression tests are limited to the temperature range higher than 2=3T M (T M : melting point) without confining pressure. 4) Conversely, indentation is a form of plastic deformation by the operation of several slip systems in the medium under the indenter. At the same time, hydrostatic pressure is also applied, which acts as a confining pressure to suppress brittle fracture. Therefore, instead of uniaxial compression under confining pressure, an indentation test is applicable to semiconductors for the investigation of the plasticity at low temperatures. Though data on velocity of dislocations are the straightforward information, but the direct measurement cannot be carried without a large-size sample with a low density of grown-in defects. At present, data of dislocation velocities are quite limited on several elemental and compound semiconductors in comparison with those of hardness and yield strength. It is hard to clarify the dislocation velocity, especially, in the recent semiconductors grown as a thin film form. Therefore, it is necessary to establish a suitable way to evaluate the dislocation mobility, which remains indirectly, with the available hardness and/or yield strength data.
This paper reports the current understanding of the plasticity indications of hardness, yield strength, and dislocation velocity in various types of undoped or high purity semiconductors, including recent attractive wide-band-gap semiconductors such as III-nitrides and ZnSe, and discusses on their mutual correlations undertaking the above-mentioned purpose. Here, impurity effects on the dynamic properties of dislocations, i.e., locking and velocity enhancement/reduction, in semiconductors, are well clarified by the present author and are described elsewhere. 3, 5) 
Atomistic Structure of Dislocations in Semiconductors
First, some atomistic characters of dislocations in semiconductors should be noted. Tetrahedrally coordinated semiconductors crystallize in the diamond-(e.g., Diamond, Si, Ge), sphalerite-(zinc-blende) (GaAs, InP, CdTe, ZnSe, etc), or wurtzite-structure (GaN, ZnO, etc.). The diamond-and sphalerite-structure are cubic-based while the wurtzitestructure is hcp-based. A glissile dislocation in diamondand sphalerite-structure crystals has the Burgers vectors a/2 h1 1 10i on the {111} planes whereas a glissile dislocation in wurtzite-structure crystals has the Burgers vectors a/3 h1 2 210i on the (0001) plane. Dislocations are energetically stable when they are lying parallel to the h1 1 10i and h1 2 210i directions on the slip planes in diamond-and sphaleritestructure crystals and wurtzite-structure crystals, respectively. Thus, the shape of a stable dislocation loop is hexagonal with two opposite screw segments and four 60 segments as seen in Fig. 1(a) . It is well known that such a glissile Fig. 1(a) consists of a 90
Shockley partial and a 30 Shockley partial both of -type as drawn in Fig. 1(b) in a sphalerite-structure crystal. A dislocation segment located on the opposite side of antype segment in the same hexagonal loop is always of -type. Figure 1( Shockley partial of -type, as shown in Fig. 1(d) . In a wurtzite-structure crystal a dislocation on the basal plane dissociates into two partial dislocations in a similar way. The difference in the core structure of and dislocations leads to the characteristic differences of their mobility and impurity locking in compound semiconductors. 
Hardness of Semiconductors
Hardness is an elementary and practical indication characterizing the elastic and plastic properties of a solid. Thus, indentation hardness tests, including the recently developed nano-indentation technique, have been widely applied in the study of mechanical strength of materials over a wide range of size scales in various forms of materials such as small bulk crystals and thin films on substrates in a variety of fields, including the semiconductor industry. The published data are mainly at room temperature, but the method is also available at elevated temperatures up to their melting point. Figure 2 shows the hardness H V of various types of semiconductors obtained with an applied load of 0.5 N and dwell time of 30 s, plotted against reciprocal temperature together with the values for -Al 2 O 3 . [8] [9] [10] The hardness is almost comparable for the opposite polar (0001)/(111) and ð000 1 1Þ=ð 1 1 1 1 1 1Þ surfaces of such crystals with the hcp/cubicbased structure at all temperatures investigated. Table 1 summarizes the hardness of various semiconductor materials at room temperature, including data published previously in the literature together with the fracture toughness, band-gap energy at 300 K, bonding distance, and shear modulus. [11] [12] [13] [14] [15] [16] Here, some note should be made on the low-temperature (around room temperature) hardness. In some cases the indentations exhibit a pattern of cracks. The size of the indents was measured ignoring such cracks, thereby introducing some ambiguity. It is known that the indention of Si (and probably Ge) is associated with a form of phase transformation that leaves an amorphous-like structure after unloading. [17] [18] [19] In such cases (T 500 C for Si), H V is determined by the pressure for the phase transformation and exhibits a weak temperature dependence, as indicated in Fig. 2 . Höche and Schreiber observed the nucleation of twins by indentation of GaAs at RT, 20) but the influence of this on the value of H v is not clear. At low temperatures the hardness H v decreases in the following order: the group IV elemental crystals, the III-V compounds, and the II-VI compounds, irrespective of the crystal structure, that is whether diamond-, sphalerite-or wurtzite-strucutre.
In the whole temperature range investigated, the hardness of -SiC, GaN, AlN, and ZnO, in the hcp-based structure, exhibits a gradual decrease from RT to around 600 C, then something of a plateau in the range to around 1000 C, and subsequently a steep decrease. The plateau may appear in relation to the operation of different slip systems in the crystal with an hcp-based-structure. Elemental and III-V compound semiconductors exhibit a steep decrease in hardness, for example, Si and GaAs from 500 and 200 C, respectively, with an increase in the temperature, which indicates the beginning of macroscopic dislocation motion and plastic deformation. The present results indicate that the macroscopic dislocation motion and plastic deformation of SiC, GaN, and AlN may start at around 1000 C. Over the whole temperature range investigated, II-VI compounds in the sphalerite-structure, ZnSe, ZnTe, and CdTe are much unstable thermo-mechanically among the semiconductors investigated. It should be noted that IV-IV alloy semiconductor Ge 0:45 Si 0:55 with a diamond-based structure becomes harder than Si at temperatures higher than 800 C for solid solution effects.
From the results it is known that -SiC, GaN, and AlN have a lower susceptibility to deformation during device processing at elevated temperatures than with the elemental and III-V and possibly II-VI compounds with the sphalerite structure. 9) A universal relationship in the temperature dependences of the hardness H V of the cubic-structure semiconductors has been identified when H V and the temperature T are scaled respectively by the shear modulus G and by Gb 3 =k B with b being the magnitude of the Burgers vector and k B the Boltzmann constant. 10) 
Yield Strength
The conventional tensile or compression test is the most common method for extracting the plastic properties of semiconductors. Semiconductor crystals can be deformed plastically without brittle fracture at temperatures higher than 2=3T M under atmospheric pressure. T M is the melting point. The characteristic in semiconductors in diamond-or sphalerite-structure such as Si, GaAs, and so forth, is stress-strain behavior accompanying a remarkable stress drop after yielding followed by a gradual increase in the stress with the strain due to work hardening in the plastic deformation, especially in the deformation at relatively low temperatures. In contrast, GaN and 6H-SiC with a hcp-based structure show stressstrain behavior with an apparent elastic increase in the stress, a smooth yield behavior, and a subsequent gradual increase in the stress with strain, but with no stress drop in the yield region. 21, 22) The overall stress-strain characteristics of all the semiconductor crystals depend sensitively on the temperature and the strain rate. A decrease in the strain rate brings about the same effect as an increase in the temperature. Figure 3 shows the yield stress y of various semiconductors plotted against reciprocal temperature for deformation under a shear strain rate of 2 Â 10 À4 s À1 (Refs. 9,21,22,24). In the case of accompanying a stress drop after yielding, the lower yield stress is adopted. The yield stress of GaN is around 100-200 MPa, even at 1000 C, more than two orders of magnitude higher than that of Si, Ge, GaAs, and the other compound semiconductors, and is slightly higher than that of SiC with basal slip. Conversely, the yield stress of ZnSe is more than two orders of magnitude lower than that of Si, GaAs, and GaN, and is about one order of magnitude higher than that of CdTe, 23) though the CdTe data are not shown in the figure. Generally in III-V compounds yield strengths are higher in Ga-V crystals than in In-V crystals, while yield strengths decreases in the order of III-P, III-As, and III-Sb.
In the figure the logarithms of the yield strength for all the crystals are linear with respect to reciprocal temperature across the whole range investigated. Generally, the yield stress of a semiconductor crystal is described as a function of temperature T and strain rate _ " " by the following empirical equation:
1-3,9,24)
where A, n, and U are constants. Table 2 gives the magnitudes of n and U for various semiconductors. 22, 24, 25) As seen in Fig. 3 , Ge 0:6 Si 0:4 alloy semiconductor shows temperature independent feature of yield strength at elevated temperatures and becomes harder than those of constituent semiconductor Si and Ge, corresponding to the hardness results in Fig. 2 . Over the whole composition range of GeSi alloys, the yield stress shows the maximum around x ¼ 0:5 and is dependent on the composition as proportional to xð1 À xÞ. 26) Similar alloying effect in the yield strength has been observed commonly in alloy semiconductors GaAsP 27) and InAsP. 28) 
Dislocation Velocity
Velocities of dislocations can be measured directly by the , , and dislocations, respectively. The marks with a vertical line inside mean that the activation energy is estimated from the mechanical tests. Data on GaN and ZnSe are shown as a vertical line. 
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I. Yonenaga etch pit technique in specimens with a sufficient size and high quality for accurate measurements. Figure 4 shows the velocities of 60 , , , and screw dislocations in high purity Si and Ge and in a series of undoped III-V compounds under an applied stress of 20 MPa plotted against reciprocal temperature. Dislocations in GaAs and InP are more mobile than in Si, Ge, and GaP, and less mobile than in InAs. The dislocation velocities are approximately the same in GaAs and InP. 24) In Si, 60 dislocations move faster than screw dislocations by a factor of two or less. Characteristically, the velocities of dislocations in III-V compounds depend strongly on the type of dislocations, i.e., , , or screw, quite different from the results in elemental semiconductors. The mobility of dislocations is higher than those of and screw dislocations in GaP, GaAs, and InAs by two or one order of magnitude, while the velocity of dislocations is higher than those of and screw dislocations in InP. Commonly in all the III-V compounds screw dislocations are the slowest. The difference in the velocities of and screw dislocations in InP is much smaller than the difference in the velocities of and screw dislocations in GaP and GaAs. Generally in III-V compounds dislocations move faster in In-V crystals than in Ga-V crystals, while dislocations move faster in III-As crystals than in III-P crystals. This closely correlates to the observed feature in yield strengths in the III-V compounds as seen in Fig. 3 . That is, the yield strength of III-V compounds increases with a decrease of the velocities of individual dislocations in them, reflecting the fact that the mechanical behavior of any compound is basically controlled by the dislocation motion and velocity.
The velocities of all the types of dislocations in a variety of semiconductors can be expressed by the following equation as a function of the stress and the temperature T in the wide ranges of stress and temperature where the crystals are ductile but not close to the melting point:
where v 0 , m, and Q are material constants, k B is the Boltzmann constant and 0 ¼ 1 MPa. The constants v 0 , m, and Q are determined experimentally for dislocations in various semiconductors. Table 3 gives the magnitudes of v 0 , m, and Q for all the types of dislocations in various III-V compounds. The magnitudes of m and Q are known to be 1-2 and 1.3-2.4 eV, respectively, for a variety of semiconductors. In high purity Si the magnitude of m is unity confirmed by means of in-situ X-ray topography. 29) Here, it is well established that dislocation motion in semiconductors is strongly excited under an electron irradiation. 30) Thus, the above excitation effect should be considered in in-site measurements of dislocations velocities in a transmission electron microscope.
Correlation among Hardness, Yield Strength, and Dislocation Velocity
The mechanical characteristics of the crystal such as yield behavior and plastic flow are controlled by the nature of the collective motion of dislocations in the crystal. Several attempts have been conducted to understand the macroscopically observed plastic deformation of elemental and compound semiconductors such as Ge, Si, and GaAs in terms of the dynamical properties of dislocations on a microscopic scale. [1] [2] [3] 9, 24) In such an approach the present author group reported that the experimentally observed stress-strain characteristics of Si, GaAs, and InP crystals can be described quantitatively by using the velocity equation of dislocations according to the model of dislocation self-multiplication and dislocation mutual interaction first proposed by Haasen's group 1) and developed by Sumino.
2,31)
Based on the collective motion of microscopic dislocations that rate-control the macroscopic deformation of crystals, the constants m and Q in eq. (2) relates to n and U in eq. (1) through the following equations:
Indeed, the deduced magnitudes of m Ã and Q Ã in the various semiconductors agree satisfactorily with those determined directly by the etch pit technique as the comparison between Tables 2 and 3 . According to the relations (3), the magnitudes of m and Q for several semiconductors have been deduced as seen in Table 2 . Now, the magnitude Q is 2-2.7 eV 22) and 0.5-0.7 eV for GaN and ZnSe, respectively, though further work on the direct measurement of the velocities of isolated dislocations within the crystals under a defined stress condition is necessary.
Contrarily, the connection between hardness data and dislocation mobility remains difficult at present. As shown in previous section, hardness of several semiconductors shows a scale rule in the temperature dependence. Similar universal relationship has been obtained in the temperature dependences of the yield strength y of the same-type semiconductors when y and the temperature T are scaled respectively by the shear modulus G and by Gb 3 =k B . 32) If 
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this means a correlation between hardness and yield strength, we may obtain a powerful way to know the plasticity of materials without limitations of size and shape, especially for wide temperature range with no brittle fracture. In addition, the relation
is evaluated for the semiconductors around room temperature. The factor is much larger than that known for polycrystalline metals and alloys. 33) Unfortunately, even now, the phenomena (elastic straining, dislocations, fracture, twins, etc.) that take place during indenter penetration are too complex to establish a link between hardness and macroscopic yielding. However, at present we may note at least that the hardness obtained by the indentation test is determined by the process of plastic deformation, being controlled by dislocation process, and that the key factors are the shear modulus and the Burgers vector or bonding distance of the material.
Activation Energy for Dislocation Motion in Semiconductors
It is commonly accepted that the elementary process of dislocation glide in a semiconductor consists of the thermally activated nucleation of a double kink on a straight dislocation line lying along the Peierls valley and the subsequent expansion of the generated kink pair along the dislocation line. In such a kink mechanism, dislocation needs the process of bond breaking for motion. Thus, the resistance to motion of dislocations in covalently bonded crystals should be controlled by the need for bonding electron to become excited from the valence band to the conduction band. 34) Figure 5 shows the relation between the measured activation energy Q for the dislocation motion and the band gap energy of various semiconductors. 21, 23, [35] [36] [37] The band gap energy is taken as that at typical temperature for dislocation motion: at 0:6T M (T M is the melting point). Since the band gap energy of HgTe 36) and HgSe 37) are À0:14 and À0:06 eV, respectively, they are taken to be 0 eV in Fig. 5 . Though there exists little scatter except in the group of the elemental and IV-IV compound semiconductors, there is a clear distinction among the groups of semiconductors in the relation between the activation energy Q and the band gap energy. The activation energy Q increases linearly with the band gap energy in each group of semiconductors. The gradient of the line increases in the order of II-VI, III-V compounds and elemental semiconductors. This may be related to the fact that II-VI and III-V compound semiconductors have a relatively stronger ionicity. The real physical mechanism may be much complicated, detailed evaluation of which is a task for the future. However, at least, the above phenomenological relation can be applied practically to deduce some features about the dislocation motion in new materials with difficulties to measure the dislocation velocities directly.
Conclusive Remarks
Current knowledge on the indications of plasticity, i.e., hardness and yield strength, and on the individual dislocation velocity was reported in various types of semiconductors, including recently attractive wide-band-gap semiconductors. Such indications, strongly depending on the material condition and temperature, were discussed on their mutual linkages to evaluate the dislocation velocity indirectly.
Hardness is a practical parameter applicable to a wide range of sample size and from and also to a wide temperature range. Hardness and yield strength in cubic-type semiconductors show a similar universal relationship on their temperature dependence with satisfying the relation H v ¼ ð70{100Þ y in the low temperature region around room temperature. At present there remains a long way to link the available hardness data to dislocation velocity due to the lack of a suitable physical model.
Yield strength can provide sufficient information on dislocation velocity in various semiconductors. The stress exponent and activation energy for motion of dislocations rate-controlling plastic deformation are deduced from the yield strength data according to a model of collective motion of dislocations during the plastic deformation. The activation energy for dislocation motion has a linear relation to the band gap energy depending on the types of semiconductors, elemental, III-V compounds, and II-VI compounds, including GaN and ZnSe.
